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   We report on the fabrication and electrical characterisation of etched graphene single electron transistors 
(SETs) of various sizes on hexagonal boron nitride (hBN) in high magnetic fields. The electronic transport 
measurements show a slight improvement compared to graphene SETs on SiO2. In particular, SETs on hBN are 
more stable under the influence of perpendicular magnetic fields up to 9T in contrast to measurements reported 
on SETs on SiO2. This result indicates a reduced surface disorder potential in SETs on hBN which might be an 
important step towards clean and more controllable graphene QDs. 
 
C  
1 Introduction Graphene is a very promising materi-
al for quantum dots (QDs) with potentially long spin relax-
ation times, due to its weak spin-orbit interaction [1, 2] and 
weak hyperfine coupling [3]. However, the lack of a band 
gap and the Klein tunneling phenomenon makes the con-
finement of electrons and the control of spin states chal-
lenging. Most experiments follow either the strategy of 
opening up a gap by etching graphene nanostructures and 
thus introducing a disorder-induced energy gap [4-10] or 
by gating bilayer graphene [11–16]. Though first results 
following the latter approach have been published, it is still 
at an early stage. Experiments on nanostructured graphene 
QDs have already allowed to demonstrate the electron-hole 
crossover [17], spin states [18] and charge relaxation times 
[19]. However, graphene nanostructures, e.g. graphene 
single electron transistors, on SiO2 suffer from high disor-
der potential arising from the substrate and the edges mak-
ing it hard to operate the SETs under the influence of high 
magnetic fields [20]. Due to its atomically smooth surface 
and graphene-like honeycomb lattice structure hexagonal 
boron nitride (hBN) is a promising candidate as a substrate 
for hosting graphene nanostructures [21]. It has been 
shown that the substrate induced disorder potential in gra-
phene is indeed substantially lowered on hBN compared to 
SiO2 [21, 22]. Graphene on SiO2 suffers from charge pud-
dles with diameters on the order of a few tens of nm [23], 
whereas the charge puddle size in graphene on hBN proved 
to be roughly one order of magnitude larger. So far the 
contribution of the edges to the overall disorder remains 
unknown. 
In this article, we investigate nanostructured graphene 
single electron transistors on hBN with island sizes ranging 
from 100 to 300 nm under the influence of high magnetic 
fields. The sizes of the SETs are on the order of the ex-
pected charge puddle size of graphene on hBN. We per-
formed low temperature electrical measurements at around 
1.5 K in order to characterize our devices. The results are 
compared with measurements of similar devices on 
SiO2.The analysis focuses on the magnetic field dependent 
transport through the SET. We show that the devices ex-
hibit a stable and well defined single-dot behavior in mag-
netic fields up to 9 T. The results indicate that the disorder 
potential is lowered in graphene single electron transistors 
on hBN as compared to SiO2, where a breaking of the SET 
into several SETs can be observed in high magnetic fields 
[20]. 
 
2 Fabrication As a first step hBN flakes are mechan-
ically exfoliated onto highly doped silicon substrates with 
a 295 nm SiO2 toplayer. Following the work of Dean et al. 
[21] individual mechanically exfoliated graphene flakes 
are transferred onto selected hBN flakes, which have a 
thickness of around 20-30 nm (see Fig. 1(a)). To structure 
the graphene flakes standard electron beam lithography 
(EBL) followed by reactive ion etching with an Ar/O2 
plasma is used. The etching is followed by an annealing 
step in ultra-high vacuum of 5x10-8 mbar at 450 C° for 4 h. 
To contact the resulting graphene nanostructures a second 
EBL step followed by metal evaporation of Cr/Au is ap-
plied. To identify single-layer graphene, Raman spectros-
copy measurements are performed. Fig. 1(e) shows a typi-
cal Raman spectrum of graphene on hBN. The signatures 
of the LO phonon of the hBN at 1365 cm−1, the G-peak at 
1584 cm−1 and the 2D-peak at 2680 cm−1 with a full width 
half maximum (FWHM) of 25 cm−1 shows the single-layer 
nature of the investigated graphene flake on the hBN sub-
strate. A more detailed Raman spectroscopy study (see ref. 
[24]) of graphene on hBN shows the high quality of the 
fabrication process of our graphene on hBN. The Raman 
spectroscopy study indicates considerably lower doping 
fluctuations and a lower overall doping level compared to 
graphene on SiO2. Figs. 1(b) shows a schematic illustration 
of an etched graphene SET on hBN. In Figs. 1(c)-(e) we 
show scanning force micrographs (SFM) of etched 
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Figure 1: (a) Optical image of a graphene flake on hBN. (b) 
Schematic illustration of a graphene single electron transistor on 
hexagonal boron nitride (hBN). (c)-(e) atomic force micrographs 
of etched graphene SETs on hBN with different diameters d ((c) 
d = 110nm, (d) d = 180 nm and (e) d = 300 nm). (e) Raman spec-
trum of a representative graphene flake on hBN. (f) Back gate 
(VBG) dependence of the current ISD through the graphene SET 
with d = 180 nm. 
graphene SETs on hBN with different diameters. All de-
vices have the same design, but differ in the size of the 
graphene island. The graphene islands are connected by 
narrow constrictions to source (S) and drain (D) leads. 
These graphene constrictions act as effective tunneling bar-
riers. The chemical potential of the constrictions and the is-
land can be individually tuned by the lateral graphene gates 
(see SGL, PG, SGR in Fig. 1(d)). The overall Fermi level 
can be adjusted by the underlying highly doped Si sub-
strate acting as a back gate (BG).  
 
 3 Characterisation In Fig. 1(f) and Fig. 2 we show 
low-temperature transport measurements (T = 1.5 K) per-
formed on individual single electron transistors. Fig. 1(f) 
shows the source-drain current IQD as function of the back 
gate voltage VBG of nanostructured graphene on hBN with 
an island size of 180 nm (all side gate voltages are at 0 V) 
with a fixed bias of Vbias= 300 µV. Around VBG = 20 V the 
current is mostly suppressed in a range of ∆VBG = 19 V (the 
so-called transport gap), which is in agreement with earlier 
studies on etched graphene SETs and QDs [7-9, 17, 18] 
and nanoribbons [4–6, 25–28] on SiO2 and with etched 
graphene nanoribbons on hBN [29]. In order to investigate 
the influence of the hBN substrate on the properties of the 
graphene constrictions, large scale conductance measure-
ments as function of the side gate voltages are performed. 
Fig. 2(a) shows the conductance of a 180 nm SET with 60 
nm constrictions as function of the left and right side gate 
voltage. The back gate is set to a voltage inside the 
transport gap (VBG = 22 V) and both side gates are swept 
from -15 V to 15 V while measuring the source-drain cur-
rent. Transport through the individual graphene con-
strictions is mainly tuned by its closest side gate, visible by 
the relative lever arm of around αSGR/SGL = 0.2. The 
transport gap of both graphene constrictions divides the 
measurement in four areas of high conductance where both 
constrictions are transparent and a conductance on the or-
der of 0.03 e2/h is observed. Fig. 2(b) shows a schematic il-
lustration of the effective band structure of our devices, 
highlighting the two tunneling barriers leading to the four 
different transport configurations. By adjusting the poten-
tial in each constriction independently, it is possible to 
have either pure electron transport (NN), pure hole 
transport (PP) or a combination of both (NP or PN). In 
Figs. 2(c) and 2(d) finite bias measurements on a 110 nm 
SET with two 50 nm wide graphene constrictions are 
shown.  The bias voltage is swept from −15 mV to 15 mV 
and the side gate voltage from −15 V to 15 V, while the 
other side gate is kept fixed. Both graphene constrictions 
exhibit a suppressed current over a large range of side gate 
voltage of ∆Vgap around 6 V, most likely arising from sta-
tistical Coulomb blockade [5, 30]. The gap in bias voltage 
is determined by the  charging energy of the smallest 
charge puddle in the constriction resulting in an effective 
energy gap Eg. Eg can be estimated from the finite bias 
measurements to be on the order of Eg,SGL = 5 meV and 
Eg,SGR = 6 meV. Compared to graphene nanodevices on 
SiO2, one would expect a smaller effective energy gap on 
hBN due to larger charge puddles. However, the experi-
mental results are in good agreement with the model de-
rived for nanoribbons on SiO2. According to Sols et al. 
[30] and Han et al. [4], the size of the effective energy gap 
is related to the width of the nanoribbon by Eg = B -1W -1 
exp(-CW) with B = 0.001 meV-1nm-1 and C = 0.023 nm-1. 
Using these parameters for a 50 nm graphene nanoribbon 
translates in Eg (50 nm) ≈ 6 meV, which is in agreement 
with our results. 
Figure 2 (a) Conductance GQD as function of the side gate volt-
ages VSGR and VSGL at VBG  = 20 V and Vbias  = 300 µV. The con-
strictions can be separately tuned into the hole (P) and electron 
(N) transport regime. The transition regions are governed by the 
transport gap of each constriction (see schematic illustration (b)): 
Outside of the transport gaps, the constrictions are either both in 
an electron regime (NN), hole regime (PP) or a combination of 
both (NP/PN). (c)-(d) GQD as function of VSGL (c), VSGR (d) and 
Vbias at VSGR/SGL = −15 V. The transport gap and the effective en-
ergy gap of the constrictions are extracted to be ∆VSGR ≈ 5.5 V / 
∆VSGL ≈ 6 V and Eg,SGR = 6 meV / Eg,SGL = 5 meV, respectively. 
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3 Magnetotransport After investigating the tunnel-
tunneling barriers of the device, we now focus on quantum 
transport in high magnetic fields. Fig. 3(a) shows the con-
conductance through a 110 nm single electron transistor 
while sweeping the back gate over the range of -55 V to 55 
V and sweeping the magnetic field up to 8 T. Two distinct 
regions can be identified. The transport gap of the two 
graphene constrictions is visible around 27.5 V and 
extends over a range of around 11 V. The size of the gap is 
nearly independent of the magnetic field and can be 
converted to an energy of around 100 meV by using the 
energy dispersion and the lever arm of the back gate 
obtained in a Hall bar measurement. The position of the 
charge neutrality point is at VQD = 27.5 V. A second regime 
is visible around zero back gate voltage, where resonances 
are observed, which move linearly with the magnetic field. 
The linear slope of these resonances indicates the 
formation of Landau levels. The magnetic field dependent 
resonances are not visible inside the transport gap, but only 
the shifting of the Coulomb resonances of the SET as 
function of magnetic field can be seen (Fig. 3(c)). The 
resonances indicating Landau levels are again visible 
outside the transport gap at high back gate voltages around 
40 V. The resonances around zero back gate voltage 
originate most likely from the graphene leads and display a 
huge doping offset to the region of the graphene 
constrictions and the graphene island. Hence, it can be 
assumed that the etching process leads to an increase in 
doping in the region of the SET. The same behaviour has 
also been observed in our larger SETs. Due to the high 
number of localised states, which can be seen in Fig. 3(b), 
and multiple overlapping Landau level fans, which arise 
from differently doped regions of the leads, the zero 
Landau level is invisible. This makes it hard to really 
determine the positions of the Landau level fans and to 
distinguish between Landau levels and resonances 
originating from localised states. In addition, magnetic 
fields can strongly affect the stability of the formed SET. 
As shown by Güttinger et al. [20], SETs on SiO2 tend to 
break apart when applying high magnetic fields. This can 
be related to the bulk disorder potential induced by the 
SiO2 substrate. By applying a magnetic field, the electrons 
inside the graphene island start to be also magnetically 
confined. If the magnetic length   of the 
electrons on the graphene island is on the order of the 
disorder potential length scale, the electrons start to 
accumulate inside the charge puddles induced by the 
substrate. If the graphene island is bigger than the disorder 
potential length, the electrons can accumulate in different 
charge puddles leading to the formation of two or more 
individual single electron transistors. In graphene on SiO2 
the disorder potential length is estimated by Martin et al. 
[23] with surface potential measurements to around 30 nm. 
This length scale competes with the magnetic length of lc = 
9 nm at 9 T, which can lead to the described breaking of 
the SET. As a result of the reduced bulk disorder on a hBN 
substrate, the breaking apart of SET is assumed not to 
occur. In Fig. 4 we compare Coulomb diamond 
measurements of the 300 nm SET at 0 T (Fig. 4(a)) and 9 
T (Fig. 4(c)). Figs. 4(b) and 4(d) show corresponding 
charge stability diagrams. The charging energy of the SET 
at 0 T can be estimated to Ec = 3 meV leading to a dot 
diameter of roughly 700 nm. The relative lever arm is 
determined to be αPG/SGL = 1.25. Both, the charging energy 
and the relative lever arm allow the conclusion that the 
single electron transistor extends into the constrictions. 
However, it can be seen by the charge stability diagram 
(Fig. 4(d)), that the SET is not breaking apart at 9 T, 
although the conductance is more than one order of 
magnitude larger than at 0 T. This increase is caused by an 
increasing transparency of the tunnelling barriers. The 
same effect is also observed in the Coulomb diamond 
Figure 3 (a) Conductivity GQD as function of the magnetic field 
and the back gate voltage at fixed Vbias = 300 µV (island size = 
110 nm). Around zero voltage resonances occur, which scale lin-
early with the B field. The transport gap of the constrictions and 
the graphene island is offset by V
 
 = 27.5 V. The gap ranges from 
22 V to 33 V. (b) High resolution measurement of (a) in the re-
gime from 5.5 T to 6.5 T and from -1.5 V to 1.5 V in VBG. Multi-
ple resonances due to localised states are visible. (c) Conductance 
as function of B field and VPG with back gate voltage fixed in the 
transport gap at VBG  = 30 V. 
Figure 4 (a) and (c) Conductance GQD of a single electron tran-
sistor on hBN with a diameter of d = 300 nm in dependence of 
Vbias and VPG at a perpendicular magnetic field of (a) B = 0 T and 
(c) B = 9 T. Coulomb diamonds are visible with a B field inde-
pendent addition energy of Eadd = 3 meV and an increasing con-
ductance at 9 T. (b) and (d) GQD in as function of VPG and VSGL
for (b) B = 0 T and (d) B = 9 T. The charge stability diagram ex-
hibits a stable single dot behavior independent of the magnetic 
field. 
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measurements at 9 T. Due to the conductance increase, the 
diamond shape is no longer visible above Vbias ~ 2 mV. 
Still, the lever arms and the spacing of the Coulomb reso-
nances in PG voltage is very similar compared to 0 T 
(αPG/SGL,0T  = 1.25 vs. αPG/SGL,9T  = 1.20). This allows the 
conclusion that the SET is stable and well defined at 9 T 
over a large range of plunger gate voltage and occupies the 
same region on the graphene island compared to 0 T. The 
same behaviour has also been seen on a 180 nm SET. The 
observation of stable, large single electron transistors sup-
ports the assumption of a reduced bulk disorder potential 
due to the hBN. 
 
4 Summary We present the characterization and 
analysis of electronic transport measurements at high mag-
netic fields performed on various etched single electron 
transistors (SETs) on hexagonal boron nitride (hBN). We 
show strong similarities to etched SETs and quantum dots 
fabricated on SiO2. Magnetotransport measurements per-
formed on samples of different island sizes show a doping 
mismatch between the lead regions and the region of the 
constriction/graphene island probably induced by the etch-
ing process. This effect can be identified by the magnetic 
field independent transport gap and B-field dependent res-
onances arising around zero back gate voltage. Each device 
shows this significant doping mismatch between the lead 
regions and the constriction / graphene island region on the 
order of V
 
= 27.5 V. The resonances around VBG = 0 can be 
attributed to the formation of Landau levels in the lead re-
gion, although the high number of localised states mask the 
zero Landau level. Furthermore we show that the 300 nm 
SET behaves like a stable single-dot, independent of the 
applied perpendicular magnetic field. We argue that these 
results can be explained by a decrease in the total disorder 
potential for larger single electron transistors on hBN 
where the substrate disorder might play a dominant role. 
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